We investigated how work-related biomechanical exposure and job strain in midlife separately and jointly predicted back and degenerative musculoskeletal diseases (MSDs). A total of 6,257 employees participated in the Finnish Longitudinal Study on Aging Municipal Employees (FLAME) in 1981 and were followed up for 28 years. Risk ratios and the relative excessive risk due to interaction and 95% confidence intervals were modeled for separate and joint prediction estimates, respectively. After adjustment for confounders, job strain predicted degenerative MSDs among women after 4 and 11 years of follow-up. After 11 years, both exposures predicted both types of MSDs among men. Joint exposure predicted both types of MSDs after 4 years among women (for back MSDs, risk ratio (RR) = 1.58, 95% confidence interval (CI): 1.15, 2.18; for degenerative MSDs, RR = 1.59, 95% CI: 1.21, 2.07) and men (for back MSDs, RR = 1.50, 95% CI: 1.05, 2.15; for degenerative MSDs, RR = 1.61, 95% CI: 1.16, 2.22) and both types of MSDs after 11 years (for back MSDs, RR = 1.72, 95% CI: 1.21, 2.43; for degenerative MSDs, RR = 1.68, 95% CI: 1.25, 2.46) among men only, but the relative excessive risk due to interaction was not significant throughout. However, after 28 years, the separate and joint exposures did not predict MSDs. Workplace interventions should be focused on reducing job strain along with biomechanical exposure for possible prevention of MSDs in working life and around the time of retirement, but there may be other pathways of onset of MSDs in old age. biomechanical exposure; interaction; job strain; musculoskeletal diseases; occupational exposure; psychosocial exposure; work Abbreviations: CI, confidence interval; GAZEL, Gaz et Électricité; MSD, musculoskeletal disease; RERI, relative excess risk due to interaction; RR, risk ratio.
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We investigated how work-related biomechanical exposure and job strain in midlife separately and jointly predicted back and degenerative musculoskeletal diseases (MSDs). A total of 6,257 employees participated in the Finnish Longitudinal Study on Aging Municipal Employees (FLAME) in 1981 and were followed up for 28 years. Risk ratios and the relative excessive risk due to interaction and 95% confidence intervals were modeled for separate and joint prediction estimates, respectively. After adjustment for confounders, job strain predicted degenerative MSDs among women after 4 and 11 years of follow-up. After 11 years, both exposures predicted both types of MSDs among men. Joint exposure predicted both types of MSDs after 4 years among women (for back MSDs, risk ratio (RR) = 1.58, 95% confidence interval (CI): 1.15, 2.18; for degenerative MSDs, RR = 1.59, 95% CI: 1.21, 2.07) and men (for back MSDs, RR = 1.50, 95% CI: 1.05, 2.15; for degenerative MSDs, RR = 1.61, 95% CI: 1.16, 2.22) and both types of MSDs after 11 years (for back MSDs, RR = 1.72, 95% CI: 1.21, 2.43; for degenerative MSDs, RR = 1.68, 95% CI: 1.25, 2.46) among men only, but the relative excessive risk due to interaction was not significant throughout. However, after 28 years, the separate and joint exposures did not predict MSDs. Workplace interventions should be focused on reducing job strain along with biomechanical exposure for possible prevention of MSDs in working life and around the time of retirement, but there may be other pathways of onset of MSDs in old age. biomechanical exposure; interaction; job strain; musculoskeletal diseases; occupational exposure; psychosocial exposure; work Abbreviations: CI, confidence interval; GAZEL, Gaz et Électricité; MSD, musculoskeletal disease; RERI, relative excess risk due to interaction; RR, risk ratio.
Musculoskeletal diseases (MSDs) have been and continue to be growing problems in all parts of the world (1) and among both general and working populations (2, 3) . In the Global Burden of Disease Study (1990-2013), Murray et al. (1) estimated that MSDs account for 21.3% of total years lived with disability worldwide. Low-back MSDs and osteoarthritis have been reported as the most recurrent forms of MSD (4, 5) . The consequences of MSDs are more prominent among aged people than among those in midlife (6, 7) .
A wide range of occupational risk factors present during working life are considered to be deleterious to musculoskeletal health, which in turn results in different types of MSD diagnosis (8) and ultimately impairs the physical functioning of workers in their later lives (9) . The progression of MSDs is linked to numerous work-related exposures, such as high psychosocial stress exposures (10) (11) (12) and high physical and biomechanical exposures (13) (14) (15) from midlife to old age. These exposures are known predictors of work-related MSDs of different body parts, like the back (16) (17) (18) , neck/shoulders (19, 20) , and joints (21) . There is variation in the types of occupations performed by men and women; therefore, the risk of MSDs due to occupational exposures may vary by sex (22) . Findings from the Gaz et Électricité (GAZEL) cohort study suggested that occupational biomechanical exposure during active life has persistent effects up to old age among men (23) . The role of these work-related exposures in the onset of MSDs during the late working career, as well as after retiring, has been addressed in earlier studies (24, 25) .
In recent years, psychosocial factors like high strain at work have gained increasing attention in observational and experimental studies, as they have been found to be linked to both physical and mental illness (26) . The existing evidence suggests an interplay of various biomechanical and psychosocial risk factors associated with work underlying the onset of MSDs (8, 27) and also has served to stress the importance of studying the epidemiologic interactions of work-related biomechanical and psychosocial exposures as risk factors for MSDs (28) (29) (30) . In some earlier studies, investigators have reported findings on the interactive effects of work-related biomechanical and psychosocial exposures on MSDs (14, 31, 32) and functional health (33) . In a cross-sectional study in Brazil, Fernandes et al. (31) found that the 2 kinds of workrelated exposures separately predicted MSDs, but there were no interactive predictions. Likewise, in a 2-year follow-up study in a manufacturing cohort, Cantley et al. (14) also noted an absence of an interactive effect of these 2 types of workrelated exposures on injury and MSDs. However, Waters et al. (32) , in a cross-sectional study, reported the presence of interaction which was additive in the prediction of MSDs of the back and arms. Similarly, in the GAZEL cohort, Sabbath et al. (33) noted an interactive effect of work-related psychosocial and biomechanical exposures on functional health after retirement which was also more than additive.
The joint associations of work-related biomechanical exposures and job strain with future health outcomes have been highlighted in earlier studies; however, there is a lack of clear epidemiologic evidence of associations with musculoskeletal health. Therefore, there is a need for more longitudinal evidence to ascertain the possible joint effects of these co-occurring exposures of working life, which might be beneficial in preventing future MSDs and ultimately promote active and healthy aging. In this study we aimed to investigate the separate and joint effects of work-related biomechanical exposures and job strain at midlife/baseline (1981) on degenerative MSDs and back MSDs after 4 years (in 1985), 11 years (in 1992), and 28 years (in 2009), using 28-year follow-up data on Finnish public sector employees.
METHODS

Participants and design
The Finnish Longitudinal Study on Aging Municipal Employees (FLAME) is a prospective follow-up study initiated by the Finnish Institute of Occupational Health in 1981, with follow-up taking place in different waves in 1985 (after 4 years), 1992 (after 11 years), and 2009 (after 28 years) (34, 35) . Out of 7,344 potential subjects, 6,257 persons aged 44-58 years (85.2% response rate) participated in the study in 1981. The present analysis was based on the respondents for whom information on MSDs was available after 4 years of follow-up (n = 3,533 for degenerative MSDs after excluding baseline degenerative MSD cases and n = 3,783 for back MSDs after excluding baseline back MSD cases), 11 years of follow-up (n = 2,878 and n = 3,098, respectively), and 28 years of follow-up (n = 2,001 and n = 2,132, respectively). According to mortality data (January 1981-July 2009) from the Finnish National Population Register, 2,079 (33.2%) of the baseline respondents died during the 28-year follow-up period (35) .
The process of following up respondents is described in detail in Figure 1 . The ethics committee of the Finnish Institute of Occupational Health (Helsinki, Finland) approved the study, and informed consent was obtained from all participants.
Biomechanical exposure
Work-related biomechanical exposure was assessed with 8 questions related to exposure to vibration, similar repeated movements, standing in one place, bent or twisted postures, continuous walking or movement, carrying objects by hand, and sudden strainful efforts. The questions could be answered on a scale of 0-4 ("0 = not at all," "1 = a little," "2 = somewhat," "3 = often," and "4 = quite often"). The summary scores (Cronbach's α = 0.83), ranging from 0 to 29 (higher scores indicating high biomechanical exposure and lower scores indicating low biomechanical exposure), were dichotomized into high (>13) and low (≤13) categories using the median value of 13. The selection of items and formation of the binary exposure scale were partly adapted from the study by Sabbath et al. (33) .
Job strain
Job control. Job control was assessed with 10 questions related to respondents' possibilities for control, guidance, and influence at work: providing guidance in the job, influencing the work environment, participating in the planning of the work, gaining a promotion, chances of further training in professional skills, chances to use one's own abilities and talent to learn new things, gaining recognition and respect, working with coworkers, and seeing the meaning of the work. The questions could be answered on a scale of 0-3 ("0 = not at all," "1 = a little," "2 = somewhat," and "3 = a lot"). The summary scores (Cronbach's α = 0.86), ranging from 0 to 30, were dichotomized into high (>16) and low (≤16) categories using the median value of 16 (36) .
Job demands. Job demands were assessed with 8 questions on job-related demands and pressure: fast work pace, tight time schedule, responsibilities, conflicting demands regarding work tasks and responsibilities, pressure and interference from the supervisor, pressure of failing or committing errors, seclusion or loneliness, and uninteresting work. The questions could be answered on a scale of 0-3 ("0 = not at all," "1 = a little," "2 = somewhat," and "3 = a lot"). The summary scores (Cronbach's α = 0.77), ranging from 0 to 24, were dichotomized into high (>6) and low (≤6) categories using the median value of 6 (36).
Job strain. The job strain variable was created using the job demand-control concept from the Karasek model (37, 38) . Four levels of job strain were constructed using the dichotomized values of job demands and control: low strain (high control and low demands), passive job (low control and low demands), active job (high control and high demands), and high strain (low control and high demands) (36) .
Musculoskeletal diseases
Information on MSDs was reported by respondents based on physicians' diagnoses. In this study, we used 2 outcomes, namely degenerative MSDs (any of the 4 degenerative MSDs: osteoarthritis of the cervical spine, osteoarthritis of the lower back, sciatica, and osteoarthritis of the limbs) and back MSDs (any of the 3 back-related MSDs: osteoarthritis of the cervical spine, osteoarthritis of the lower back, and sciatica). All of the responses were binary and coded as "0" (no disease) or "1" (presence of disease).
Covariates
Information on smoking status was elicited as number of cigarettes smoked per day, and persons who reported smoking at least 1 cigarette per day were classified as smokers. Information on alcohol intake was based on 7 categories, and for this study we classified intake as none, ≤2 drinks per month, or ≥1 drink per week. Information on leisure-time physical activity in the previous year was elicited in 5 categories, and it was classified in this study as very active, moderately active, or inactive. Body mass index (weight (kg)/height (m) 2 ) was calculated using self-reported height and weight. Two occupational groups, blue-collar (example: auxiliary, transport) and white-collar (example: administrative, physician), were created on the basis of 13 job profiles which represented clusters of 133 different job titles (35) .
Statistical analysis
The descriptive characteristics of the subjects were first determined as frequencies and percentages, and we conducted Pearson's χ 2 tests, which showed strong evidence of a relationship between work-related exposures and MSDs. Then we also checked initial interactions using maximum likelihood. The interaction term for sex and work-related exposures with respect to MSDs was found to be statistically significant (P < 0.001); therefore, the analyses were stratified by sex. Since there were very few missing values (<10%) in the items on work-related exposures, the missing values (5.5% for biomechanical exposure, 5% for job control, and 7.4% for job demands) were imputed using the calculated median of nearby points, calculated from other items on the scale. Risk ratios (RRs) and their 95% confidence intervals were modeled using binary regression with a log link function. The lowest levels of both biomechanical exposure and job strain (low strain) were used as reference categories in the analysis. In order to check the predictive power of the exposures, we calculated predictive margins of job strain and biomechanical exposures, by sex, for both outcomes. For joint prediction, the potential interaction between biomechanical exposure and job strain was quantified using departure from additivity, which was estimated by computing the relative excessive risk due to interaction (RERI) and its 95% confidence interval. Calculation of the RERI was based on following formula (39, 40):
where RR 1,1 = the presence of high biomechanical exposure and high job strain (joint exposure), RR 1,0 = the presence of high biomechanical exposure and the absence of high job strain, and RR 0,1 = the absence of high biomechanical exposure and the presence of high job strain. In order to prevent reverse causation, we excluded persons diagnosed with MSDs at baseline from the analysis (n = 2,273 for degenerative MSDs and n = 1,991 for back MSDs). The advanced prefix "icp" from Stata 14.0 (StataCorp LP, College Station, Texas) was used to calculate estimates of log relative risk from the regression settings that generated the interaction estimates. Additive biological interaction is present if RERI > 0 with statistical significance. Likewise, if RR 1,1 is significantly different from 1, interaction is present. Two models were fitted; the first model was a crude model, and the second model adjusted for potential confounders such as age, body mass index, smoking status, occupational group, alcohol intake, and physical activity. Selection of the confounders was based on previous knowledge of the factors that could mask an association between the exposure and outcomes of this nature (41) . Frequency-percentage calculation and crosstabulation were conducted using IBM SPSS, version 21.0 (IBM Corporation, Armonk, New York). All of the other analyses and plotting were conducted in Stata 14.0. Table 1 presents the distribution of baseline characteristics, biomechanical exposures, and job strain and the joint distribution of exposures stratified by sex. The ages of the respondents ranged from 44 years to 58 years (mean age = 50 (standard deviation, 3.6) years), and 55% of the respondents were women. Table 2 presents the crude risk ratios for MSDs due to work-related exposures in midlife after 4 years, 11 years, and 28 years of follow-up. High biomechanical and job strain exposures significantly predicted back MSDs and degenerative MSDs among both sexes after 4 and 11 years. Likewise, high biomechanical exposure predicted back MSDs among men and degenerative MSDs among women after 28 years. Figure 2 presents the adjusted risk ratios for MSDs due to higher levels of work-related exposures in midlife among women and men. The estimates presented in the figure were adjusted for age, physical activity, occupational group, body mass index, alcohol intake, and smoking status. Among women, after 4 years biomechanical exposure in midlife predicted both back MSDs (RR = 1.39, 95% confidence interval (CI): 1.16, 1.67) and degenerative MSDs (RR = 1.30, 95% CI: 1.11, 1.52); job strain predicted only degenerative MSDs (RR = 1.30, 95% CI: 1.09, 1.56) (Figure 2A) . However, only job strain predicted both outcomes after 11 years ( Figure 2B ). Among men, biomechanical exposure predicted degenerative MSDs after 4 years ( Figure 2D ), and both types of exposures predicted back MSDs (for biomechanical exposure, RR = 1.33, 95% CI: 1.08, 1.64; for job strain, RR = 1.32, 95% CI: 1.05, 1.68) and degenerative MSDs (for biomechanical exposure, RR = 1.32, 95% CI: 1.10, 1.57; for job strain, RR = 1.26, 95% CI: 1.03, 1.53) after 11 years ( Figure 2E ), but the association did not persist to 28 years in either sex (Figure 2, parts C and F) . Tables 3 and 4 present risk ratios for MSDs due to the different combinations of biomechanical exposure and job strain in midlife and RERIs for the joint effect of biomechanical Abbreviations: CI, confidence interval; MSD, musculoskeletal disease; RR, risk ratio. a Numbers of subjects included in the analysis for each follow-up period: with 4 years of follow-up, n = 3,533 for degenerative MSDs after exclusion of baseline degenerative MSD cases and n = 3,783 for back MSDs after exclusion of baseline back MSD cases; with 11 years of follow-up, n = 2,878 and n = 3,098, respectively; and with 28 years of follow-up, n = 2,001 and n = 2,132, respectively. . Results were adjusted for age, smoking status, alcohol intake, body mass index, occupational group, and physical activity. "Low" was the referent category (risk ratio = 1.0) for both biomechanical exposure and job strain. Triangles, back MSDs; circles, degenerative MSDs. Bars, 95% confidence intervals. exposure and job strain for all 3 follow-up periods among women and men, respectively. In a crude model, women who had a higher level of both exposures in midlife (+, +) were at greater risk of both MSDs after 4 and 11 years than were women without any exposures in midlife (−, −). After adjustment for confounders, the association persisted for both types of MSDs (for back MSDs, RR = 1.58, 95% CI: 1.15, 2.18; for degenerative MSDs, RR = 1.59, 95% CI: 1.21, 2.07) after 4 years but for none after 11 years. Likewise, among men, in the crude model the joint exposures predicted both types of MSDs after 4 and 11 years; the finding was retained in the adjusted model for both back MSDs and degenerative MSDs after 4 years (for back MSDs, RR = 1.50, 95% CI: 1.05, 2.15; for degenerative MSDs, RR = 1.61, 95% CI: 1.16, 2.22) and 11 years (for back MSDs, RR = 1.72, 95% CI: 1.21, 2.43; for degenerative MSDs, RR = 1.68, 95% CI: 1.25, 2.46). As among women, RERI was not significant for any joint predictions among men, which indicated an absence of biological interaction. The risk continued to diminish to the point where none of the interactions between exposures in midlife predicted MSDs after 28 years of follow-up in either sex. 
RESULTS
DISCUSSION
In this prospective 28-year follow-up study, we found that a higher level of biomechanical exposure and job strain separately and jointly predicted higher risks of back and degenerative MSDs after 4 and 11 years of follow-up. However, there Abbreviations: CI, confidence interval; MSD, musculoskeletal disease; RERI, relative excess risk due to interaction; RR, risk ratio. a Numbers of subjects included in the analysis for each follow-up period: with 4 years of follow-up, n = 1,970 for degenerative MSDs after exclusion of baseline degenerative MSD cases and n = 2,124 for back MSDs after exclusion of baseline back MSD cases; with 11 years of follow-up, n = 1,656 and n = 1,978, respectively; and with 28 years of follow-up, n = 1,224 and n = 1,314, respectively.
b "Yes" indicates a high level of job strain or high biomechanical exposure. c Adjusted for age, physical activity, occupational group, body mass index, alcohol intake, and smoking status. d RERI.
was no significant association after 28 years of follow-up. Joint exposure in midlife significantly predicted both types of MSDs among both sexes after 4 years and among men only after 11 years, but not after 28 years. None of the estimates of joint exposure were sufficient for significant RERI, which indicated the absence of biological interaction. Our findings are consistent with those of earlier studies regarding the separate predictions. Of all forms of MSD, back MSD has been most widely studied in relation to workrelated exposures in midlife. A higher level of biomechanical exposure and job strain at midlife in our study separately predicted a higher risk of back MSDs in later life until around the time of retirement, which is consistent with the findings of some earlier studies (16) (17) (18) 42) . Also consistent with previous studies (11, 23) , we found a clear sex difference in risk of MSDs due to work-related exposures during midlife. We found that a higher level of both biomechanical exposure and job strain predicted the risk of MSDs among women late in their careers but not among men. The risk of MSDs after 11 years of follow-up, which was around the time of retirement for our subjects, was higher among men than among women, which concurs with the findings in the GAZEL cohort (23) . The findings of our study were comparable with those of a Swedish study in which Canivet et al. (43) reported a significantly higher risk of receiving a disability pension among persons with high levels of work-related psychosocial exposures (high job demands, low decision latitude, and high job strain), and the risk was greater in men than in women.
The comparatively higher risk of MSDs due to high biomechanical exposure among men than among women after 11 years of follow-up could be explained in our study by the higher percentage of men working in blue-collar jobs. Job strain was more highly predictive of MSDs than biomechanical exposure among women throughout follow-up, but among men it was the opposite, which perhaps could be described by a sex difference in the nature of the jobs performed. This result could be generalized to the other working populations as well, because more of the jobs with higher psychosocial/job strain exposure are carried out by women than by men and vice versa.
Interestingly, we found no significant association of workrelated exposures in midlife with any forms of MSD in old age Abbreviations: CI, confidence interval; MSD, musculoskeletal disease; RERI, relative excess risk due to interaction; RR, risk ratio. a Numbers of subjects included in the analysis for each follow-up period: with 4 years of follow-up, n = 1,563 for degenerative MSDs after exclusion of baseline degenerative MSD cases and n = 1,659 for back MSDs after exclusion of baseline back MSD cases; with 11 years of follow-up, n = 1,300 and n = 1,222, respectively; and with 28 years of follow-up, n = 777 and n = 818, respectively.
b "Yes" indicates a high level of job strain or high biomechanical exposure. c Adjusted for age, physical activity, occupational group, body mass index, alcohol intake, and smoking status. d RERI. after 28 years of follow-up in either sex. The reason for the nonsignificant association between exposures and MSDs in old age may be the dilution of the effect of the work-related exposures almost more than a decade after retiring. Moreover, there might be several other pathways to onset of MSDs in very old age. We used age, body mass index, physical activity, smoking status, alcohol intake, and occupational group to adjust the model, as these covariates were the most likely confounders. Among these confounders, occupational group markedly confounded the association, as it is already known that respondents in different occupations are at different levels of risk for MSDs depending upon the extent of their exposure in midlife, and the nature of exposure also varies according to type of job (20, 44) .
Regarding the joint effect of biomechanical exposure and job strain, we found similarities with the sparse evidence from some other studies (32, 33) . The similarity was that MSDs in the late career and around retirement were predicted by joint exposures in midlife. However, our study contradicts the findings from some earlier studies (14, 31) , which found an absence of interaction between exposures in the prediction of MSDs. The differences may be due to the fact that in the study by Cantley et al. (14) , all of the respondents were members of a manufacturing cohort followed up for 2 years, while our respondents worked in various occupations and we used a long follow-up period. The progression of MSDs is mostly linked with biomechanical exposures among blue-collar workers (20, 44) , which could be generalized to manufacturing cohorts. Similarly, in the study by Fernandes et al. (31) , the study population consisted of plastics industry workers, and in contrast to our study, that study was crosssectional.
We also checked departure from additivity using the RERI estimates for biological interaction. We found that none of the interactions were biological. These findings contradict those of Waters et al. (32) and Sabbath et al. (33) , as they found the interaction of the exposures to be additive in the prediction of MSDs and overall functional health, respectively. These differences could be attributed to methodological differences, along with the differences in the nature and follow-up periods of the studies. The study by Waters et al. was cross-sectional and focused more on respondents of peak working age (32), while our interest extended to the cohort of respondents in late working life. Sabbath et al. used overall functional health as the outcome (33), while our outcome of interest was MSDs, but there were similarities in the follow-up periods and the estimates used (RERI) to quantify biological interaction. Our finding could provide additional evidence regarding prediction of MSDs in the late career and around retirement by the interaction of work-related biomechanical exposure and high job strain in midlife. This finding still needs confirmation in future studies using more objective measures of MSDs and other, more objective job exposures.
A major strength of our study is the longitudinal design, with a long prospective follow-up period of 28 years. Although exposures were self-reported, the responses of the participants regarding the presence of back MSDs and degenerative MSDs were based on diagnosis by a physician. The only possible flaw in the data could have been respondent recall bias regarding the exact diagnosis. The other strength is that our study involved a large representative sample with a high response rate. Furthermore, it contributes to the existing literature calling for epidemiologic studies of interaction between work-related factors in the prediction of MSDs.
Although we used the widely accepted Karasek model of job strain, this could have been subject to reporting bias, because all of the items on job control and job demands, along with biomechanical exposure, were self-reported. However, in an earlier study, Huuhtanen et al. (45) found high correlation between expert and subjective ratings of work-related exposures. Another possible limitation is the chance of underestimation of the association between the work-related exposures and MSDs because the exposures were assessed at a single time point at baseline. Nevertheless, more than 70% of the respondents continued to work in the same job for more than 15 years from the baseline survey in 1981 until their retirement (46) . An additional drawback could be the lack of data on items like social support at work, which could have been a significant item along with job strain at work and has been shown to be associated with musculoskeletal health (47, 48) . Nevertheless, the stable work history of most of our participants indicates possible stability for both biomechanical exposure and job strain in our cohort throughout working life (49) .
We conclude that work-related biomechanical exposure and job strain in midlife are risk factors for MSDs in the late career and around retirement in both sexes, as these exposures separately and jointly predicted the risk of back MSDs and degenerative MSDs. These findings support the need for workplace interventions regarding psychosocial risk factors like job strain, along with biomechanical risk factors. This could prevent the development of MSDs during working life, in the late career, and around the time of retirement. In old age, there could be other pathways for the onset of MSDs than jobrelated exposures incurred during working life.
